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cations for both the induction of acute tubular damage andPlasma membrane cholesterol: A critical determinant of cellu-
the emergence of the postinjury cytoresistance state.lar energetics and tubular resistance to attack.
Background. Cholesterol is a major component of plasma
membranes, forming membrane microdomains (“rafts” or “ca-
veolae”) via hydrophobic interactions with sphingolipids. We
When proximal tubules cells are subjected to diversehave recently demonstrated that tubule cholesterol levels rise
forms of injury, they undergo adaptive changes that serveby 18 hours following diverse forms of injury, and this change
helps to protect kidneys from further damage (so-called ac- to protect them from subsequent attack [1–6]. This phe-
quired cytoresistance). The present study was undertaken to nomenon, denoted by the term “acquired cytoresis-
better define the effects of membrane cholesterol/microdo- tance,” is generally expressed by 18 to 24 hours followingmains on tubule homeostasis and cell susceptibility to superim-
the initial cellular insult [7, 8]. When fully developed, itposed attack.
can protect against subsequent ischemic or nephrotoxicMethods. Plasma membrane cholesterol was perturbed in
normal mouse proximal tubular segments with either choles- forms of injury, which might otherwise produce severe
terol esterase (CE) or cholesterol oxidase (CO). Alternatively, acute renal failure (ARF). The subcellular mediators
cholesterol-sphingomyelin complexes were altered by sphin-
of this cytoresistance have been incompletely defined.gomyelinase (SMase) treatment. Changes in cell energetics
However, increased expression of selective “stress pro-(ATP/ADP ratios 1 ouabain), viability [lactate dehydrogenase
(LDH) release], phospholipid profiles, and susceptibility to teins,” such as heat shock proteins [9, 10], heme oxy-
injury (Fe-induced oxidant stress, PLA2, Ca21 ionophore) were genase, ferritin [11–15], and antioxidant enzymes [16],
determined. The impacts of selected cytoprotectants were also as well as a down-regulation of mitochondrial free radicalassessed.
production [17], may each be involved.Results. Within 15 minutes, CE and CO each induced ap-
Previous work from our laboratory has suggested thatproximately 90% ATP/ADP ratio suppressions. These were
seen prior to lethal cell injury (LDH release), and it was oua- an additional determinant of cytoresistance is a primary
bain resistant (suggesting decreased ATP production, not in- alteration in plasma membrane structure and/or function
creased consumption). SMase also depressed ATP without in-
that protects the membrane, and hence the cell, fromducing cell death. After 45 minutes, CE and CO each caused
attack [18]. This conclusion is based on observations thatmarked cytotoxicity (up to 70% LDH release). However, dif-
ferent injury mechanisms were operative since (1) CE, but not proximal tubules, harvested from cytoresistant murine
CO, toxicity significantly altered cell phospholipid profiles, and kidneys, manifest resistance to diverse forms of plasma
(2) 2 mmol/L glycine completely blocked CE- but not CO- membrane damage [for example, caused by phospholi-mediated cell death. Antioxidants also failed to attenuate CO
pase A2 (PLA2) [18], oxidative stress [18], and sphingo-cytotoxicity. Disturbing cholesterol/microdomains with a sub-
myelinase (SMase; unpublished observations)]. In a pre-lytic CE dose dramatically increased tubule susceptibility to
Fe-mediated oxidative stress and Ca21 overload, but not PLA2- vious attempt to define the basis for this membrane
mediated damage. resistance, we analyzed plasma membrane phospholipid
Conclusion. Intact plasma membrane cholesterol/microdo-
profiles [by thin-layer chromatography (TLC)] [19] andmains are critical for maintaining cell viability both under basal
their constituent membrane-associated fatty acids (byconditions and during superimposed attack. When perturbed,
complex injury pathways can be impacted, with potential impli- gas chromatography; R. Zager, unpublished observa-
tions). However, no consistent changes in either phos-
pholipid or fatty acid profiles were observed in cytoresis-Key words: cholesterol oxidase, adenosine triphosphate, calveolae,
rafts, acquired cytoresistance, injury pathways. tant tubule epithelium. Hence, we have concluded that
a simple alteration in plasma membrane phospholipid/
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fatty acid composition is an unlikely explanation for theand in revised form January 27, 2000
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they manifest increased membrane cholesterol uptake sis/potocytosis and lipid trafficking. Given these observa-
tions, it appears likely that membrane cholesterol andor content [20, 21]. Based on the concept that malignancy
its associated microdomains could play pivotal roles notin a sense represents a “cytoresistant” state, we ques-
only in cellular homeostasis, but also in cell injury re-tioned whether acute tubular cell injury might trigger
sponses.increased tubular cholesterol content, and the latter
Therefore, the present study was undertaken to fur-might then protect the cells from further attack. To ex-
ther assess the impact of plasma membrane cholesterolplore this possibility, we quantitated cholesterol levels
on cell homeostasis and tubular vulnerability to superim-in renal tissues that had been rendered cytoresistant by
posed damage. Toward this end, the cholesterol contentimposing several different types of renal damage (ische-
of freshly isolated proximal tubules, obtained from nor-mia reperfusion, glycerol-induced rhabdomyolysis, or
mal mouse kidneys, was altered either by cholesterolurinary tract obstruction) [19]. In each instance, an ap-
esterase (CE; cleaving cholesterol esters) or cholesterolproximate 25% increase in renal cortical/tubular choles-
oxidase (CO; converting free cholesterol to cholesten-terol content was observed.
one). The impacts of these modifications on both basalSeveral pieces of evidence provide a potential mecha-
tubule homeostasis and on superimposed injury path-nistic link between the observed cholesterol increases
ways were assessed. It is noteworthy that CO/CE areand the cytoresistant state [19]: (1) The cholesterol incre-
excluded from crossing the plasma membrane [31, 32].ments temporally correlated with the emergence of cy-
Hence, they are widely used to assess the effects of outertoresistance (they were observed at 18 hours, but not at
leaflet plasma membrane cholesterol on cellular function2-hours post-renal injury). (2) Depletion of membrane
and integrity.cholesterol with a chemical “stripping agent” [methyl-
cyclodextrin (MCD)] abrogated cytoprotection. (3) When
membrane cholesterol content was decreased in cultured METHODS
tubular (HK-2) cells, either by blocking synthesis (with Isolated proximal tubule segment preparation
mevastatin) or by chemical extraction (MCD), dramatic
Male CD-1 mice, weighing 25 to 35 g (Charles Riverincrements in cell susceptibility to injury resulted. It is
Laboratories, Wilmington, MA, USA) and maintainednoteworthy that as much as 90% of cellular cholesterol is
under normal vivarium conditions, were used for all ex-localized to the plasma membrane [22–24]. This provides
periments. The mice were anesthetized with pentobarbi-further support for the concept that increased cellular
tal (,2 mg intraperitoneally), and the kidneys were
cholesterol could potentially protect plasma membranes, immediately removed through a midline abdominal inci-
and hence cells, from attack. sion. The cortices were recovered by dissection with a
Cholesterol decreases membrane fluidity [25–27]. Thus, razor blade on an iced plate, and isolated proximal tubule
we questioned whether a cholesterol increment, with a (PT) segments were prepared as previously described
corresponding decrement in membrane fluidity, might [34, 35]. In brief, the cortical tissues were minced with
be mechanistically linked to the cytoresistant state. To a razor blade, digested with collagenase, passed through
test this hypothesis, cells were treated with the mem- a stainless steel sieve, and then pelleted by centrifugation
brane-fluidizing reagent, A2C, and indeed, a dramatic (48C). Viable PT segments were recovered by centrifuga-
decrease in cell resistance to injury resulted [19]. Alter- tion through 32% Percoll (Pharmacia, Piscataway, NJ,
natively, when membrane fluidity was increased by USA). After multiple washings in iced buffer, the PT
sphingomyelin (SM) treatment, increased resistance to segments were suspended (approximately 2 to 4 mg PT
injury was observed [28]. These observations are consis- segments protein/mL) in experimentation buffer (in
tent with the concept that cholesterol-mediated reduc- mmol/L: NaCl, 100; KCl, 2.1; NaHCO3, 25; KH2PO4, 2.4;
tions in membrane fluidity might be a determinant of the MgSO4, 1.2; MgCl2, 1.2; CaCl2, 1.2; glucose 5; alanine, 1;
cytoresistant state. However, it is important to recognize Na lactate, 4; Na butyrate, 10; 36 kD dextran, 0.6%) and
that many other factors may be involved. For example, gassed with 95% O2/5% CO2; final pH 7.4). They were
cholesterol forms tight hydrophobic interactions with SM, rewarmed to 378C in a heated shaking water bath over
producing membrane microdomains known as “rafts.” 15 minutes, and then each PT segment preparation was
These concentrate and may transport a host of signaling divided, usually into four equal aliquots (2.5 mL of PT
molecules [29–33]. Rafts can become incorporated segments in suspension placed into 25 mL Erlenmeyer
within much larger intramembrane structures, caveolae, flasks; 2 to 4 mg tubule protein/mL buffer). They were
which are also formed by hydrophobic cholesterol/SM/ then ready for use in individual experiments, as described
glycosphingolipid interactions [32]. Caveolae are also later in this article.
enriched in signaling molecules (for example, endothelial
Cholesterol esterase experimentsnitric oxide synthase, Ras, Rho, mitogen-activated pro-
tein kinases, glycosyl-phosphatidylinositols) [32] and, Effect of cholesterol esterase on proximal tubule viabili-
ty. Four sets of PT segments were each divided into fourhence, may impact cell signaling [32], as well as endocyto-
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aliquots and incubated with either 0, 0.25, 0.5, or 1.0 isolated vesicles were prepared from commercially avail-
U/mL of cholesterol esterase (CE; C-9281; Sigma Chemi- able PC (P-7763; Sigma), as previously described [28],
cals, St. Louis, MO, USA). After completing a 45-minute and then they were incubated with either 0, 1, or 2 U/mL
incubation, lethal cell injury was assessed by determining CE 3 45 minutes. At the end of the incubations, the
percentage lactate dehydrogenase (LDH) release [35]. extracts were analyzed for PC degradation, as reflected
Effect of cholesterol esterase on proximal tubule seg- by the generation of lysophosphatidylcholine (LPC).
ment adenine nucleotide profiles. Four sets of tubules Effect of cholesterol esterase on cardiolipin content. To
were each divided into four aliquots, as follows: (1) con- assess whether CE treatment impacts mitochondrial
trol incubation 3 45 min and (2–4) incubation with 0.5 cardiolipin (CL) content (and hence, cell energetics), two
U/mL of CE for either 15, 30, or 45 minutes, respectively. sets of tubules were each divided into three aliquots
After completing this time-course experiment, an aliquot and incubated, as follows: (1) control incubation, (2)
of each sample was removed for subsequent determina- incubation with 2 U/mL CE, and (3) incubation with 4
tion of lethal cell injury (% LDH release), followed U/mL CE. After 30-minute incubations, the percentage
immediately by extraction in trichloroacetic acid (final of LDH release was determined. The aliquots were sub-
concentration of 6.66%) for adenine nucleotide analysis. jected to lipid extraction/TLC and then analyzed for
The latter was performed by high-performance liquid CL content (percentage of total recovered phospholipid)
chromatography (HPLC), as previously described [35]. [36].
Cellular respiratory integrity was gauged by calculating Impact of cholesterol esterase on expression of superim-
ATP/ADP ratios [35], an indirect gauge of state 3 mito- posed cell injury pathways. The following experiments
chondrial respiration. assessed the impact of a sublethal CE dose (0.25 U/mL)
Impact of Na,K-ATPase activity on cholesterol ester- on the severity of selected pathways that are believed
ase-mediated changes in tubule energetics. The following to help mediate proximal tubular cell necrosis [37–39].
experiment was undertaken to ascertain whether Na, (1) Iron-mediated oxidative stress. Five sets of tubules
K-ATPase inhibition would impact the CE-mediated were each divided into four aliquots and were incubated
changes in adenylate profiles. Four sets of tubules were for 45 minutes under the following conditions: (1) control
each divided into four aliquots, as follows: (1) control incubations, (2) CE exposure (0.25 U/mL), (3) 25 mmol/L
conditions, (2) 1 mmol/L ouabain treatment [35], (3) ferrous ammonium sulfate (Fe), complexed to the sidero-
CE, 0.5 U/mL, and (4) CE 1 1 mmol/L ouabain. After phore hydroxyquinoline (HQ), permitting Fe’s intracellu-
completing 30-minute incubations, LDH release and ad- lar access [19, 40], and (4) CE 1 FeHQ. After completing
enine nucleotides were determined. the incubations, lethal cell injury and lipid peroxidation
Effect of cholesterol esterase on tubule plasma mem-
were assessed in each aliquot by determining percentage
brane phospholipid content. Because an alteration in
LDH release and malondialdehyde (MDA) generationmembrane cholesterol can potentially impact plasma
(nmol/mg protein) [18], respectively.membrane/organellar phospholipid trafficking, CE’s po-
(2) Phospholipase A2 (PLA2)-mediated attack. Fourtential effect on plasma membrane phospholipid profiles
sets of tubules were each divided into four aliquots aswas determined. To this end, four sets of PT segments
follows: (1) control incubation, (2) 0.25 U/mL CE, (3)were prepared, and each were divided into four aliquots:
incubation with 0.05 U/mL of Naja PLA2 (P-7653; Sigma),(1) control incubation, and (2–4) incubation with either
and (4) CE 1 PLA2. After 30-minute incubations, lethal0.25, 0.5, or 1.0 U/mL CE, respectively. After 45-minute
cell injury was assessed by LDH release. In addition, theincubations, the tubules underwent chloroform:metha-
amount of PLA2-mediated deacylation was gauged bynol extraction, and the lipid phase was subjected to two-
quantitating lysophatidylcholine (LPC) and lysophos-dimensional thin-layer chromatography (2D-TLC), as
phatidylethanolamine (LPE) in lipid extracts of eachpreviously described in detail [36]. Amounts of phospha-
aliquot. LPC and LPE were factored by the amount oftidyl-choline (PC), -serine (PS), -ethanolamine (PE),
the parent phospholipid (PC, PE), generating LPC/PC-inositol (PI), and SM were quantitated (by the amount
and PLE/PE ratios [28].of phosphate in each spot on TLC plates) [36]. The
(3) Ca ionophore-induced cell injury. Three sets ofrelative expression of each of these plasma membrane
tubules were each divided into four aliquots: (1) controlphospholipids was expressed as their individual percent-
incubations, (2) incubation with a minimally cytotoxicage contribution to the total recovered phospholipid con-
dose of calcium ionophore A23187 [CaI; 30 mmol/L, intent (the sum of PC 1 PE 1 PI 1 PS 1 SM). Addition-
dimethyl sulfoxide (DMSO), final concentration, 0.6%],ally, the production of any lysophospholipids was also
(3) 0.25 U/mL CE, and (4) CE 1 CaI. DMSO was addedassessed [36].
to all aliquots to control for possible independent DMSOTo exclude the possibility that the CE-mediated changes
effects. After 45 minutes, the percentage of LDH releasein phospholipid profiles could have been induced by con-
taminating phospholipase activity in the CE preparation, was determined.
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Cholesterol oxidase experiments Effects of sphingomyelinase on tubule cell adenine
nucleotide profilesEffects on tubule viability. Four sets of tubules were
The following experiment assessed whether disturb-each divided into four aliquots: (1) control incubation,
ance of the cholesterol-sphingomyelin complex, induced(2) incubation with 4 U/mL of cholesterol oxidase (CO;
by attacking the sphingomyelin rather than the choles-C-7149; Sigma Chemicals), (3) CO 1 5000 U/mL catalase
terol component, would negatively impact cell energet-(C-40; Sigma) 1 1 mmol/L deferoxamine (DFO), and
ics. Four sets of tubules were each divided into two(4) incubation with catalase 1 DFO without CO. [Note:
aliquots: control incubations or incubation with 0.25because CO-mediated cholesterol oxidation generates
U/mL of bacterial SMase (Sigma, S-8633) [28]. AfterH2O2 as a by-product, the catalase/DFO additions were
completing 15-minute incubations, adenine nucleotidesutilized to dissociate CO cytotoxicity from H2O2-medi-
and % LDH release were assessed.ated damage (both catalase and DFO are well known
to block H2O2 toxicity)]. At the completion of 45-minute Glycine effects on cholesterol esterase and cholesterol
incubations, cell injury and oxidative stress were assessed oxidase cytotoxicity
by the percentage of LDH release and MDA generation,
Glycine is well known to prevent lethal ATP depletion
respectively. injury completely in isolated proximal tubules without
Cholesterol oxidase effects on tubule adenine nucleotide altering ATP content [41, 42]. The following experiment
profiles. (1) Independent effect on adenine nucleotides. assessed whether glycine can prevent lethal cell injury
Four sets of tubules were each divided into four aliquots induced by CE and/or CO, given that they both cause
and were incubated for either 15, 30, or 45 minutes with profound ATP depletion (Results section).
4 U/mL CO; the fourth aliquot was used as a control, Cholesterol esterase. Three sets of tubules were each
being subjected to 45-minute incubations without CO. divided into three aliquots: (1) control incubation, (2)
The samples were then analyzed for % LDH release and incubation with 0.5 U/mL CE, and (3) incubation with
adenine nucleotides, as noted previously in this article. 0.5 U/mL CE 6 2 mmol/L glycine. After 45 minutes, the
(2) Effect of ouabain on cholesterol oxidase-mediated % LDH release was determined.
ATP reductions. In a second experiment, three sets of Cholesterol oxidase. Five sets of tubules were each
divided into four aliquots: (1 and 2) control incubation 6tubules were incubated for 15 minutes under (1) control
2 mmol/L glycine and (3 and 4) incubation with 3 U/mLconditions, (2) with 4 U/mL of CO, (3) with 4 U/mL
CO 6 glycine. After completing 45-minute incubations,CO 1 1 mmol/L ouabain, and (4) with ouabain alone.
the percentage of LDH release was determined.The % LDH release and adenine nucleotides was then
assessed.
Calculations and statistics(3) Effect of arachidonic acid on CO-mediated changes
All values are given as mean 6 1 SEM. Statisticalin cell energetics. The following experiment analyzed
comparisons were performed by either paired or un-whether CO’s effect on adenine nucleotides is enhanced
paired Student’s t-test, as appropriate. If multiple com-by increased free arachidonic acid. The rationale for
parisons were made, the Bonferroni correction was ap-this experiment is that free arachidonic acid accumulates
plied. Significance was judged by a P value of ,0.05.during selected forms of acute tubular injury [37–39] and
may then impair cell energetics [35]. Four sets of tubules
were each divided into four aliquots: (1) control incuba- RESULTS
tion, (2) 1 U/mL CO, (3) 100 mmol/L arachidonic acid Cholesterol esterase experiments
(C20:4; in ethanol; final concentration, 0.1%) [35], and
CE effects on tubule viability. Incubating tubules with(4) CO 1 C20:4. After 30-minute incubations, the % LDH
CE 3 45 minutes induced dose-dependent cytotoxicity,release and ATP/ADP ratios were quantitated, as noted
as reflected by progressive increases in LDH release
previously in this article.
(Fig. 1). When the tubules were incubated with 0.5 U/mL
CE for 15, 30, or 45 minutes, time-dependent cytotoxicityCholesterol oxidase effects on plasma membrane
was apparent (Fig. 2A).
phospholipid expression
CE effects on tubule adenine nucleotide levels. As
Four sets of tubules were each divided into two ali- shown in Figure 2B, a correlate of CE cytotoxicity was
quots and were incubated either under control condi- a profound derangement in cellular energetics, as re-
tions or in the presence of 2 U/mL CO. After 45-minute flected by a decrease in the ATP/ADP ratio (falling from
incubations, the tubules were subjected to lipid extrac- 10 6 0.3 under control conditions to ,0.8). This corre-
tion and analyzed for plasma membrane phospholipids sponded with an approximate 80 to 90% decrease in
absolute ATP concentrations (data not depicted). This(PC, PE, PS, PI, SM), as noted previously in this article.
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Fig. 1. Effect of increasing doses of cholesterol esterase (CE) on proximal tubule viability. Proximal tubules were incubated with either 0, 0.25,
0.5, or 1.0 U/mL of CE for 45 minutes, and then loss of cell viability was determined by % lactate dehydrogenase (LDH) release. Dose-dependent
cytotoxicity was apparent (P , 0.01; 0 vs. 1 U/mL dose). 0, Control or 0 U/mL of CE.
Fig. 2. Effects of 15-, 30-, or 45-minute incubations with 0.5 U/mL of CE on tubule viability (LDH release; A) and on cellular energetics (as
assessed by ATP/ADP ratios; B). Symbols are: ( ) no CE; (j) CE. CE induced time-dependent cytotoxicity, as reflected by increasing % LDH
release (A). A striking impairment in cellular energetics was also apparent: It was near maximally expressed at 15 minutes, preceding the onset
of lethal cell injury (no significant increase in percentage LDH release). Control is when no CE was present.
change was almost maximally expressed within 15 min- Effect of CE on proximal tubule phospholipid pro-
files. (1) Plasma membrane phospholipids. Increasingutes of CE exposure, preceding increased LDH release.
This indicates that the ATP decrements reflected a prele- doses of CE (0, 0.25, 0.5, 1 U/mL 3 45 min) induced
dose-dependent increases in the percentage to which PIthal event.
Impact of Na,K-ATPase on the CE-induced declines contributed to the total phospholipid mass (Table 1).
These increments were matched by reciprocal reductionsin cellular energetics. As shown in Figure 3A, addition
of ouabain slightly reduced the extent of CE-induced in percentage PC content. The percentage contributions
of the remaining membrane phospholipids were unaf-cytotoxicity (consistent with a decrease in energy de-
mand under conditions of energy depletion). Ouabain fected. Finally, there was no significant alteration in total
recovered phospholipid (sum of the above individualdid not preserve ATP/ADP ratios during the CE incuba-
tions (Fig. 3B), indicating that increased Na,K-ATPase phospholipids), indicating that the PI/PC changes did
not correlate with an overall change in total phospholipidactivity was not responsible for the CE-induced derange-
ment in cellular energetics. mass. Incubating exogenous PC (in vesicles) with CE
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Fig. 3. Potential impact of Na,K-ATPase inhibition on CE-induced alterations in cellular energetics. Tubules were incubated with or without 0.5
U/mL of CE for 30 min 6 1 mmol/L ouabain. Abbreviations are: CE, cholesterol esterase; control tubules were incubated without ouabain or CE
exposure. Ouabain failed to prevent the CE-induced ATP/ADP ratio declines, although it slightly decreased LDH release. In the absence of CE,
ouabain exerted no independent effect on either parameter. Hence, these results dissociate the ATP/ADP ratio depressions from a potential
increase in trans-plasma membrane Na flux/increase ATP consumption. This implies that the CE directly suppressed mitochondrial energetics.
Fig. 4. Impact of CE treatment on ferrous ammonium sulfate (Fe)-mediated oxidant attack. Tubules were incubated for 45 minutes in the presence
or absence of CE (0.25 U/mL) 6 25 mmol/L ferrous ammonium sulfate (complexed to a siderophore, HQ; control tubules were incubated without
CE exposure). CE exacerbated Fe-mediated cytotoxicity (LDH release; A) as well as Fe-mediated lipid peroxidation (MDA generation; B) without
exerting an independent effect on either parameter. Hence, these data indicate that a nonlethal CE dose predisposes to oxidant mediated attack.
Table 1. Plasma membrane phospholipid profiles in normal tubules and in tubules subjected to cholesterol esterase (CE) exposure
% SM % PC % PI % PS % PE
Control 14.162.2 42.661.0 7.260.2 7.660.6 28.562.4
CE 0.25 U/mL 15.163.3 42.260.4 7.960.02 7.560.5 27.263.2
CE 0.50 U/mL 14.863.0 40.460.7 9.860.8 7.360.4 27.762.8
CE 1.0 U/mL 14.063.1 40.261.1 10.560.3 7.660.7 27.663.3
P NS ,0.002 ,0.0005 NS NS
Percent contribution of individual phospholipids to the total recovered phospholipid mass (the sum of each of SM 1 PC 1 PI 1 PS 1 PE) following 45-minute
incubations under either control conditions or with differing doses of cholesterol esterase (CE; 0.25, 0.5, 1.0 U/mL). Abbreviations are: SM, sphingomyelin; PC,
phosphatidylcholine; PI, phosphatidylinositol; PS, phosphatidylserine; PE, phosphatidylethanolamine. P values reflect comparisons between control values and values
obtained with the 1.0 U/mL CE treatment.
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generated no LPC, indicating the absence of any possible indicating that the ATP/ADP depressions reflected a prele-
thal event.contaminating PLA2 in the CE preparation (data not
As shown in Figure 9, ouabain (Oua) did not atten-shown).
uate either LDH release or these ATP/ADP ratio reduc-(2) CL content. CE treatment had no discernible effect
tions. This indicates that increased Na,K-ATPase activity/on tubule CL content (8.0 6 1.6%, 7.8 6 0.8%, and
increased ATP consumption was not responsible for the7.9 6 0.1% of total phospholipid content; 0, 0.25, and 0.50
CO-induced depressions in ATP.U of CE/mL, respectively). Corresponding percentage
(2) Effect of a sublytic CO concentration 1 C20:4 addi-LDH release values were 12 6 1%, 11 6 %, and 37 6
tion. As shown in Figure 10, low-dose (1 U/mL) CO had7%, respectively.
only a minimal effect on LDH release, either in the pres-Effect of CE on the expression of iron-mediated oxida-
ence or absence of exogenous arachidonic acid (C20:4).tive stress. The Fe challenge raised LDH release from
Neither low-dose CO nor C20:4 significantly impacted15 6 2% to 35 6 5% (Fig. 4A). Although CE (0.25
ATP/ADP ratios. However, in combination, CO and C20:4U/mL) by itself caused no LDH release, it substantially
induced an approximate 80% ATP/ADP ratio suppressionincreased the extent of Fe-mediated cell death (P ,
(Fig. 10B).0.03). A correlate of this enhanced cytotoxicity was an
CO effects of plasma membrane phospholipid profiles.approximate doubling of Fe-mediated lipid peroxidation
Incubating the tubules with 2 U/mL CO failed to induce(P , 0.01; Fig. 4B). In the absence of the Fe challenge,
any significant change in plasma membrane phospholipidCE had no significant effect on MDA concentrations.
profiles (Table 2). Furthermore, there was no alterationEffect of CE on the expression of PLA2-mediated cyto-
in the extent of total recovered phospholipids. The %toxicity. As demonstrated in Figure 5A, PLA2 induced
LDH release for the control and CO exposed tubulesmodest cytotoxicity, raising % LDH release from 10 6
were 11 6 1% and 18 6 3%, respectively (P 5 0.05).1 to 20 6 3% (P , 0.01). This result was not increased
Effects of SMase on tubule cell adenylate profiles. Fol-by concomitant CE treatment.
lowing a 15-minute incubation with SMase, no significantTubule extracts that had not been exposed to PLA2
increase in percentage LDH release was noted (12 6(either control or CE treatment groups) manifested no
2% vs. controls, 10 6 1%). However, a 40% reductionlysophospholipids. As shown in Figure 5B, PLA2 treat-
in ATP/ADP ratios was apparent (6.0 6 0.3 vs. 10.0 6ment caused substantial LPC and LPE generation, rais-
0.3, P , 0.002).ing the LPC/PC and LPE/PE ratios from zero to ,0.9 and
Effects of glycine on CE- and CO-mediated cytotoxicity.,0.8, respectively. In neither instance did CE exposure
As shown in Figure 11A, 2 mmol/L glycine completelycause a significant increase in these ratios, indicating the
blocked CE cytotoxicity. In data not shown, glycine com-lack of increased PLA2-mediated phospholipid hydro- pletely failed to alter the CE-induced ATP/ADP ratiolysis.
suppressions (indicating that its ability to confer protec-CE effects on calcium ionophore-mediated cytotoxicity.
tion was independent of changes in ATP concentrations).The chosen dose of calcium ionophore (CaI; 30 mmol/L)
In sharp contrast, CO-mediated cell injury was com-induced a minimal, but statistically significant, increase in
pletely glycine resistant. In data not shown, even combin-LDH release (13%; Fig. 6). In the presence of CE, CaI
ing glycine with DFO 1 catalase failed to confer a sig-induced 28% LDH release, despite an absence of overt
nificant protective effect.
CE cytotoxicity (Fig. 6).
Cholesterol oxidase experiments DISCUSSION
CO effects on tubule viability. When added in a dose of Cholesterol constitutes approximately 20% of total
4 U/mL, CO induced striking cytotoxicity, raising LDH tubular cell lipid content [19]. By extrapolating from
release from 12 to 69% (Fig. 7A). A correlate of this was information gleaned from other tissues, it can be as-
a modest increase in tubule MDA concentrations (Fig. 7B; sumed that receptor-mediated lipoprotein uptake (via
P , 0.01). Treatment with DFO 1 catalase (cat) failed to the low-density lipoprotein/low-density lipoprotein re-
confer cytoprotection against CO toxicity (LDH release or ceptor complex), and de novo cholesterol synthesis
lipid peroxidation), seemingly dissociating these reactions [within the endoplasmic reticulum (ER)], each contrib-
from CO-mediated H2O2 generation. ute to this result [23, 24]. The maintenance of tissue
CO effects on adenine nucleotide profiles. (1) Effects of cholesterol content is thought to be a tightly regulated
a cytotoxic CO concentration. As shown in Figure 8A, 4 process, controlled at both transcriptional and transla-
U/mL CO caused progressive LDH release over the course tional levels [23, 43]. In addition to mechanisms that
of 45-minute incubations. CO also induced profound sup- assure stable total cell cholesterol levels, cholesterol’s
pression of ATP/ADP ratios. This was maximally ex- intracellular distribution is also a regulated process. As
much as 80 to 90% of total cell cholesterol is localizedpressed after 15 minutes (a time of minimal LDH release),
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Fig. 5. Effect of CE treatment on phospholipase A2 (PLA2)-mediated attack. Tubules were incubated for 30 minutes in the presence or absence
of CE (0.25 U/mL) 6 Naja PLA2. (A) PLA2 induced significant cytotoxicity (increased LDH release, P , 0.01), and this result was not significantly
impacted by concomitant CE exposure. That CE did not enhance PLA2 activity was also indicated by a lack of increased PLA2-mediated
lysophospholipid generation, as reflected by the LPC/phosphatidylcholine (PC) and LPE/phosphatidylethanolamine (PE) ratios (B), as discussed
in the text. Control was with no CE treatment.
Fig. 6. Effect of CE on calcium ionophore A23187 (CaI)-mediated cytotoxicity. Tubules were incubated for 45 minutes with or without 0.25 U/mL
CE 6 CaI (30 mmol/L). CaI by itself induced only slight, but statistically significant (P , 0.05) cytotoxicity. This result was substantially increased
by the presence of concomitant CE treatment. Control tubules did not have CE treatment.
to the plasma membrane, predominantly in its outer Golgi system, presumably impacting raft/caveolae-asso-
ciated transport/signaling processes [44]. In light of theseleaflet [22, 23]. This is achieved, in part, by outer leaflet
cholesterol “anchoring” by sphingomyelin, the latter be- considerations, plasma membrane cholesterol homeo-
stasis could be critical not only to basal cell homeostasis,ing a dominant outer leaflet phospholipid. Within the
outer leaflet, cholesterol assumes an asymmetric distri- but also to cell injury responses.
To specifically test these hypotheses, we have incu-bution, partitioning into microdomains (either “rafts” or
caveolae) [29–33]. It is notable that these cholesterol bated proximal tubules with increasing doses of CE, fol-
lowed by assessments of cell viability and respiratorydistribution patterns reflect a dynamic, not a static, pro-
cess. For example, Lange, Strebel, and Steck have sug- integrity (% LDH release; ATP/ADP ratios, respec-
tively). It is notable that cholesterol esters are generallygested that approximately 50% of plasma membrane
cholesterol recycles every 40 minutes through the ER/ considered to be an intracellular storage form of choles-
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Fig. 7. Impact of cholesterol oxidase (CO) with and without antioxidant therapy on tubule viability. Tubules were incubated with 4 U/mL of CO
in the presence and absence of catalase 1 deferoxamine (Cat/DFO). CO induced massive cytotoxicity (LDH release; A) and modest lipid
peroxidation (MDA generation; B). This injury was not significantly mitigated by the antioxidant treatment. Controls were without cat/DFO.
Fig. 8. Effects of 15-, 30-, and 45-minute incubations with CO on tubule viability and ATP/ADP ratios. Tubules were incubated with 4 U/mL of
CO, and then cell viability (A) and ATP/ADP ratios (B) were assessed. Tubules incubated under normal incubation conditions (no CO) 3 45
minutes served as controls. CO induced time-dependent cytotoxicity (LDH release). CO also induced profound ATP/ADP ratio depressions, a
result that was maximally expressed within just 15 minutes (a time of minimal cell death). Hence, the ATP/ADP ratio depressions reflected a
prelethal event. Symbols are: ( ) no CO; (j) CO.
terol and are expressed in only small amounts within late that these ATP/ADP ratio reductions stem from
CE-induced plasma membrane damage with secondaryplasma membranes. In kidney, only approximately 1 to
2% of the total cholesterol content is in the ester form Na influx and increased Na,K-ATPase-mediated ATP
consumption, the complete failure of ouabain to attenu-(unpublished data; this laboratory). Nevertheless, within
just 15 minutes of CE exposure, approximately 90% ate this ATP depletion excludes this possibility [34, 35].
This implies that defective mitochondrial ATP produc-ATP/ADP ratio suppressions resulted. Three points are
noteworthy in this regard. First, this degree of CE- tion is responsible for the CE-induced energy-depletion
state [34, 35]. Third, the ATP/ADP ratio depressionsinduced ATP/ADP ratio depression is comparable to
that seen with mitochondrial respiratory inhibition (for were maximally expressed within just 15 minutes of CE
exposure, that is, prior to plasma membrane disruptionexample, as induced by antimycin A or hypoxia) [35]; this
underscores CE’s massive negative impact on cellular (LDH release). This indicates that (1) the ATP depres-
sions were not simply a secondary reflection of lethalenergetics. Second, while it seems reasonable to postu-
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Fig. 9. Potential impact of Na,K-ATPase inhibition on CO-induced alterations in cellular energetics. Tubules were incubated with and without
4 U/mL of CO for 15 minutes 6 1 mmol/L ouabain. Control tubules were without ouabain. Ouabain completely failed to prevent the CO-induced
LDH release (A) and ATP/ADP ratio declines (B). The latter indicates that the ATP/ADP ratio reductions were not caused by increased trans-
plasma membrane Na flux with increased ATP consumption via enhanced Na,K-ATPase activity.
Fig. 10. Influence of arachidonic acid (C20:4) on CO-mediated impairments in cellular energetics. Tubules were incubated with or without 1
U/mL of CO in the presence (j) or absence ( ) of C20:4 for 30 minutes. C20:4 by itself had no significant effect on either LDH release or ATP/
ADP ratios. However, in the presence of a relatively low dose of CO, C20:4 markedly decreased ATP/ADP ratios and slightly increased LDH
release.
cell injury, and (2) the lack of membrane lysis makes it
highly unlikely that CE traversed the plasma membrane,
Table 2. Plasma membrane phospholipid profiles in control tubules giving rise to direct mitochondrial damage. In light ofand in tubules subjected to cholesterol oxidase
these considerations, it seems more plausible that CE-(CO; 2 U/mL) exposure
mediated changes in plasma membrane “raft”/caveolae
% SM % PC % PI % PS % PE
function lead to altered cell signaling and/or cholesterol
Control 12.060.6 43.160.7 6.860.5 6.360.5 31.560.3 trafficking and that the latter somehow culminate in mi-CO 2 U/mL 14.060.3 41.560.6 6.860.4 5.761.0 31.960.8
P NS NS NS NS NS tochondrial dysfunction, and ultimately, cell death. Ex-
actly how this sequence of events evolves remains un-Tubules were incubated under control conditions or with 2 U/mL CO 3 45
min. In contrast to CE, (Table 1). CO did not alter relative phospholipid known at this time.
expression (abbreviations are listed in Table 1).
See Table 1 legend for abbreviations. Given the dramatic CE-induced ATP/ADP ratio de-
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Fig. 11. Influence of glycine on the expression of CE- and CO-mediated cytotoxicity. Tubules were incubated for 45 minutes with cytotoxic doses
of either CE ( , 0.5 U/mL) or CO (j, 3 U/mL) in the presence or absence of 2 mmol/L glycine. Symbol (h) is the control. Glycine completely
blocked CE-mediated LDH release, but it failed to alter LDH release in CO-exposed tubules.
pressions, we next questioned whether this change was sence of cell death. Given that SMase can exert multiple
effects on cellular integrity [28], it cannot be stated defin-specifically mediated by cholesterol ester hydrolysis, or
whether it reflected a more generalized defect stemming itively that the disturbed cell energetics were a direct
result of damage to cholesterol-sphingomyelin com-from altered plasma membrane cholesterol/cholesterol
microdomain integrity. To help with this distinction, tu- plexes, per se. Nevertheless, that three different agents
(CE, CO, and SMase), each of which attack cholesterolbules were exposed to CO, which is believed to attack
caveolae-associated cholesterol pools specifically [32]. microdomains by a different mechanism, each produced
the same result provides strong support for this concept.As with CE, CO caused dramatic reductions in ATP/
ADP ratios and time-dependent increases in LDH re- Whether defects specifically within the plasma mem-
brane or possible secondary organellar lipid changeslease. Again, the ATP/ADP ratio reductions were ob-
served prior to massive cell lysis, and ouabain exerted stemming from altered intracellular lipid trafficking are
responsible for the altered cellular energetics remain tono “ATP sparing” effect. Thus, these findings provide
further support for the concept that a disturbance in be defined.
We have previously documented that high concentra-plasma membrane cholesterol/cholesterol microdomains
can trigger severe mitochondrial dysfunction. It is theo- tions of free fatty acids (FFAs) can induce a mild impair-
ment of mitochondrial energetics, and that this phenom-retically possible that CO-mediated H2O2 generation/
oxidant stress, rather than cholesterol/microdomain dam- enon is greatly exaggerated in the aftermath of acute
cell injury [35]. To test whether alterations in cholesterolage, per se, produced these ATP depressions. However,
this seems quite unlikely, given our previous observa- homeostasis cause a similar predisposition to fatty acid
accumulation, tubules were exposed to a relatively lowtions that even severe oxidative injury causes only mod-
est ATP depletion in isolated proximal tubules and that dose of CO with and without concomitant arachidonic
acid exposure. Neither agent significantly lowered ATP/this ATP depletion generally follows, rather than pre-
cedes, tubular cell death [45]. Furthermore, that neither ADP ratios in the amounts employed, however, when
present together, marked ATP/ADP depressions re-catalase nor DFO conferred cytoprotection against CO
cytotoxicity serves to dissociate H2O2 generation from sulted. These findings raise the possibility that the nega-
tive impact of FFAs on cellular respiration [35] couldits cytolytic effects.
To further assess the potential importance of caveolae stem, at least in part, from adverse interactions with plas-
ma membrane cholesterol/cholesterol microdomains. Thator “rafts” to maintenance of cell respiratory integrity,
an alternative approach was taken. The sphingomyelin, fatty acid accumulation is concomitant with selected
forms of acute tubular damage [37–39] suggests the po-rather than the cholesterol, component of these com-
plexes was altered by SMase treatment. Once again, sig- tential pathogenic relevance of these observations.
To further gauge the potential impacts of destabilizednificant ATP/ADP ratio depressions resulted in the ab-
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plasma membrane cholesterol/cholesterol microdomains that in the case of CO, additional injury pathways must
on cellular integrity, tubules were exposed to CE with be involved. These differences between CE versus CO
and without superimposed insults. These investigations cytotoxicity underscore the complex ramifications of al-
clearly demonstrate that if plasma membrane cholesterol tered plasma membrane cholesterol expression on cellu-
is perturbed, increased susceptibility to superimposed lar homeostasis and injury responses.
injury can, in fact, occur. First, CE markedly predisposed In conclusion, the present study demonstrates for the
to Fe-mediated oxidant attack, increasing both lipid per- first time that alterations in plasma membrane choles-
oxidation and LDH release. These changes could result terol/cholesterol microdomains, induced with either CE
either from a primary increase in membrane vulnerabil- or CO, trigger acute and profound tubular energy deple-
ity to oxidant damage, or possibly increased mitochon- tion and ultimately cell death. That ouabain does not
drial free radical production, a known potential conse- mitigate these changes suggests that decreased mito-
quence of mitochondrial respiratory blockade [17, 45, chondrial ATP production, not increased ATP consump-
46]. That Fe plays a pivotal role in diverse forms of tion, is responsible. SMase simulates these CE/CO ef-
nephrotoxic, as well as postischemic, ARF [11, 47–50] fects on cellular energetics. This suggests that it is altered
suggests the potential significance of these findings. Sec- cholesterol/sphingomyelin microdomain integrity, rather
ond, CE worsened Ca21 ionophore-mediated damage: than biochemical changes in cholesterol, per se, which
When used alone, CE or A23187 triggered only minimal triggers the energy depletion state. Although CE and
LDH release; however, when used together, substantial CO induce comparable reductions in cellular ATP, the
cell death resulted. It is noteworthy that key molecular pathways by which these two agents ultimately produce
determinants of Ca21 homeostasis/Ca21 signaling are lo- lethal cell injury differ. This is most dramatically under-
calized within caveolae (for example, Ca21 ATPase and scored by the fact that glycine completely blocks CE-
calmodulin) [51–53]. This provides several theoretical mediated, but not CO-mediated, cell death. Finally,
explanations for why caveolae disruption might trigger given that cholesterol/cholesterol microdomains appear
an exacerbation of Ca21 ionophore-mediated cell death. to stave off acute tubular cell injury, it may follow that
Third, in contrast to the Fe and Ca21 ionophore results, an increase in cholesterol could help to initiate the post-
CE had no impact on PLA2 cytotoxicity, as assessed injury cytoresistant state [19]. While cholesterol’s impact
by either LDH release or lysophospholipid generation.
on membrane fluidity likely contributes to the latter phe-
Given that CE sensitized to both Fe and Ca21 ionophore
nomenon [19], the present results strongly suggest thatinjury, the negative PLA2 results imply that alterations far more complex, and protean, mechanisms are likelyin membrane cholesterol/microdomains do not simply
to be involved. Their resolution may provide critical newproduce a nonspecific “injury sensitized” state. Rather,
insights, not only into mechanisms of cytoresistance, butonly specific forms of injury seem to be affected. The
also into those factors that ultimately help mediate theimportance of cholesterol microdomain integrity to cel-
evolution of necrotic cell death.lular susceptibility to injury is further suggested by other
observations from this laboratory. When cholesterol-
ACKNOWLEDGMENTSsphingomyelin microdomains of cultured human proxi-
mal tubule (HK-2) cells were perturbed by SMase treat- This work was supported by grants from the National Institutes of
Health (RO1-DK38432; RO1-54200).ment, increased susceptibility to superimposed injuries
resulted once again [28].
Reprint requests to Richard A. Zager, M.D., Fred Hutchinson Cancer
In addition to our observations indicating the impor- Research Center, 1100 Fairview Avenue N, Room D2-190, P.O. Box
19024, Seattle, Washington 98109-1024, USA.tance of normal cholesterol/cholesterol microdomains as
E-mail: dzager@fhcrc.org“safeguards” to cell integrity, the present findings also
indicate that the specific manner in which these com-
plexes are perturbed impacts the pathways through which APPENDIX
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Abbreviations used in this article are: ADP, adenosine diphosphate;First, CE-induced cytotoxicity was associated with pro-
ARF, acute renal failure; ATP, adenosine 59-triphosphate; CE, cholesterol
gressive increments and decrements in PI and PC, re- esterase; CL, cardiolipin; CO, cholesterol oxidase; DFO, deferoxamine;
spectively. Conversely, CO cytotoxicity was expressed DMSO, dimethyl sulfoxide; eNOS, endothelial nitric oxide synthase;
Fe, ferrous ammonium sulfate; GPI, glycosyl-phosphotidylinositol;without any discernible impact on phospholipid levels.
HPLC, high pressure liquid chromatography; HQ, hydroxyquinoline;Second, CE toxicity was completely blocked by glycine, LDH, lactate dehydrogenase; LPC, lysophosphatidylcholine; LPE, ly-
whereas CO toxicity occurred via glycine-resistant path- sophosphatidylethanolamine; MAP, mitogen activated protein; MCD,
methylcyclodextrin; MDA, malondialdehyde; PC, phosphatidylcho-ways. It is well known that glycine can block ATP deple-
line; PE, phosphatidylethanolamine; PI, phosphatidylinositol; PLA2,tion injury without impacting ATP concentrations
phospholipase A2; PS, phosphatidylserine; PT, proximal tubule; SM,[41, 42]. Therefore, ATP depletion could be an adequate sphingomyelin; SMase, sphingomyelinase; TLC, thin layer chromatog-
raphy.explanation for CE’s cytolytic effects. It then follows
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